Benzotriazole (BT) is a high-production volume chemical which has been ubiquitously detected in aquatic environments. Although adverse effects from acute and chronic exposure to BT have been reported, the neurotoxic effect of BT and the mechanisms of toxicity are not well documented. In this study, adult female Chinese rare minnow (Gobiocypris rarus) were exposed to 0.05, 0.5, and 5 mg/L BT for 28 days. The brain proteome showed that BT exposure mainly involved in metabolic process, signal transduction, stress response, cytoskeleton, and transport. Pathway analysis revealed that cellular processes affected by BT included cellular respiration, G-protein signal cascades, Ca 2+ -dependent signaling, cell cycle and apoptosis. Moreover, data on relative mRNA levels demonstrated that genes related to these toxic pathways were also significantly affected by BT. Furthermore, proteins affected by BT such as CKBB, GS, HPCA, VDAC1, and FLOT1A are associated with neurological disorders. Therefore, our finding suggested that BT induced molecular responses in the brain and could provide new insight into BT neurotoxicity in Chinese rare minnow.
Introduction
Benzotriazole (BT) and its derivatives (e.g. tolyltriazole, 5-butylbenzotriazole) are widely applied as anticorrosive, de-icing agents, and additives to household dishwashing agents . High-production volume and resistance to biodegradation make these compounds ubiquitous in aquatic environments . Concentrations of BT in European surface waters range from 38 to 7997 ng/L (Kiss and Fries, 2009; Loos et al., 2009; Voutsa et al., 2006; Wolschke et al., 2011) , and much higher levels of BT were detected in wastewaters in Switzerland, ranging from 10 to 100 g/L (Voutsa et al., 2006) . Significantly, BT has also been detected in drinking water (Janna et al., 2011; Vetter and Lorenz, 2013) , indoor dust , and human urine * Corresponding author at: State Key Laboratory of Environmental Aquatic Chemistry, RCEES, CAS, 18 Shuangqing Road, Haidian District, Beijing, 100085 China.
E-mail addresses: jmzha@rcees.ac.cn, jinmiaozha@gmail.com (J. Zha). (Asimakopoulos et al., 2012 . Thus, BT can be a relatively ubiquitous chemical found in surface waters at levels that may elicit adverse effects on aquatic organisms and humans. The acute toxicity of BT is reported to be low while various adverse effects from chronic exposure to BT indicate its potential risk to aquatic organisms (Cancilla et al., 2003; Kadar et al., 2010; Liu et al., 2012; Pillard et al., 2001; Seeland et al., 2012) . For example, in vertebrates, the LC 50 value of BT for fathead minnows (Pimephales promelas) was approximately 65 mg/L (Pillard et al., 2001) . However, BT showed its chronic toxicity in growth and reproduction inhibition to water plants and aquatic invertebrates at much lower levels (EC 10 values varied from 0.97 to 3.94 mg/L) (Seeland et al., 2012) . Furthermore, BT has been shown to be phytotoxic and to be mutagenic to bacteria (Salmonella, Escherichia coli) (Health Council of The Netherlands, 2000) . In terms of human health, BT has been classified as a suspected carcinogen by the Dutch Expert Committee on Occupational Standards (Health Council of The Netherlands, 2000) . Recently, the estrogenic potential of this compound has been reported in marine medaka (Oryzias melastigma) (He et al., 2012) and rare minnow (Gobiocypris rarus) (Liang et al., 2014) . According to these toxicity data, BT appears to act via multiple modes of action.
Previous studies have shown that pollutants are capable of disrupting the neuroendocrine system of teleost fish, and many chemicals found in the environment can include neurotoxic mode of action (Martyniuk et al., 2013; Richter et al., 2014) . These adverse responses in fish can include the modulation of the brain proteome. For example, male fathead minnows exposed to 5.4 ng/L 17a-ethinylestradiol (EE2) for 48 h, showed altered abundance of proteins involved in cell differentiation and proliferation, neuron network morphology, and long-term synaptic potentiation (Martyniuk et al., 2010) . More recently, high-throughput toxicoproteomics approaches are able to characterize the neuroproteome of fish and these methods can provide increased insight into the mechanisms of neurotoxicity of chemicals (Fent and Sumpter, 2011; Martyniuk et al., 2012) . For example, quantitative proteomic methods such as two-dimensional electrophoresis (2-DE) have offered unique insight into cell signaling cascades in the brain that are stimulated or inhibited by environmental contaminants (Martyniuk et al., 2012) .
A previous study has shown that BT may impact the balance of sex hormone in rare minnow by interfering with the expression of transcripts involved in the hypothalamic-pituitary-gonadal (HPG) axis, such as gonadotropin-releasing hormone (GnRHs) and brain aromatase (CYP19A) (Liang et al., 2014) . However, neurotoxicity and the mechainsm of BT were not well documented. The rare minnow (Gobiocypris rarus) is mainly distributed in the upstream waters of the Yangtze River in China. Due to its small size, ease of culture, short life cycle and prolific egg production with high fertilization and hatching rates, the rare minnow is considered an appropriate species for the assessment of chemicals (Zha et al., 2008) . Therefore, in the current study, the proteomic response of rare minnow brain was analyzed and the cellular pathways involved in adverse responses in the central nervous system (CNS) were further characterized. Our objectives were to: (1) assess the neurotoxic potential of BT by measuring the protein responses in the brain of rare minnow; (2) provide insight into the putative molecular pathways underlying neurotoxicity.
Materials and methods

Chemicals
Benzotriazole (purity > 99%) was obtained from J&K Chemical Ltd. (USA). Stock solutions of benzotriazole were prepared in distilled water due to its high water solubility (28 g/L). To obtain the final concentration for exposure, the appropriate amount of the stock solution of benzotriazole was added to the aquarium water via polytetrafluorethylene (PFTE) and isoversinic tubes (Abimed, Langenfeld, Germany).
Experimental design and sampling
Healthy adult female fish (∼10 months old) with average body weights and lengths of 1.32 ± 0.33 g and 47.73 ± 2.89 mm were selected to be tested. Fish were kept in a flow-through system filled with dechlorinated tap water (pH 7.2-7.6; hardness 44.0-61.0 mg CaCO 3 /L) and subjected to a 16:8 h light: dark cycle at 25 ± 1 • C. Female rare minnow were randomly divided into 12 groups of 20 fish and were exposed to three concentrations of benzotriazole (0, 0.05, 0.5, 5 mg/L; 0, 0.42, 4.2, 42 M; nominal concentrations). All control or treated groups were exposed in triplicate replicates. Experiment set-up under flow-through conditions was performed according to Zha et al. (2006) . Briefly, the chemical aquaria kept in stock solutions were dosed independently at 60 mL/h by infusion from a 4-L brown glass container, and dosing rates were checked twice daily. Stock solutions were renewed every second day. The water and the chemical were mixed and then dispersed to each tank at a rate of 5 L/h. The brood stock was fed newly hatched brine shrimp (Artemia nauplii) twice a day and granule food (TetraMin, Tetra Werke, Melle, Germany) once a day. Wastes and residues were removed daily, and the test equipment and chambers were cleaned once a week. At the end of the 28-day exposure period, all fish were anesthetized on ice for sampling. The brains were removed and immediately frozen in liquid nitrogen and stored at −80 • C until analyzed.
Proteomic analysis
Protein extraction
Individual brains (∼50 mg frozen brain tissue per sample) were homogenized and sonicated intermittently in 0.6 mL of ice-cold lysis buffer I (7 M urea, 2 M thiourea, 4% w/v CHAPS, 1% w/v DTT, 30 mM Tris and a cocktail of protease inhibitors (Roche)) on ice for 5 min. A volume of 100 L protein extracts was precipitated using a 2-D clean-up kit (GE Healthcare) and protein pellets were resuspended in 50 L lysis buffer II (lysis buffer I, 0.5% pH 4-7 IPG buffer). Protein concentration was determined by a 2-D Quant kit (GE Healthcare).
Two-dimensional electrophoresis
Each protein sample (200 g) was mixed with rehydration solution (7 M urea, 2 M thiourea, 4% CHAPS, 1% w/v DTT, 0.5% pH 4-7 IPG buffer, and a trace of bromophenol blue) to a volume of 340 L. Prepared samples were then loaded onto IPG strips of linear pH gradient 4-7 (GE Healthcare). Rehydration and subsequent isoelectric focusing (IEF) were conducted using the Ettan IPGphor III Isoelectric Focusing System (GE Healthcare). After active rehydration (12 h, 30 V), isoelectric focusing was performed in the following manner: 100 V for 1 h, 200 V for 1 h, 500 V for 2 h, 1000 V for 1 h, 10000 V (gradient) for 3 h, and 10000 V (step) for 80000 VHr. The temperature was maintained at 20 • C. After completion of the first dimension run, each strip was equilibrated in two steps with approximately 10 mL equilibration buffer (50 mM Tris, pH 8.8, 6 M urea, 30% glycerol, 2% SDS) and 1% DTT for 15 min, followed by another 15 min in IPG equilibration buffer plus 1% iodoacetamide and a trace amount of bromophenol blue. Subsequently, the IPG strips were placed on top of a 10% polyacrylamide gel and the second-dimension electrophoresis was performed using an electrophoresis system (Ettan Dalt six, GE Healthcare). Electrophoresis was performed at 1 w/gel for 1 h, followed by a 4.5 h run at 14 w/gel until the bromophenol blue front reached the end of the gels. The gels were then visualized by silver staining. Three biological replicates were assessed for the control and each of the three treatment doses for a total of 12 gels.
Image acquisition and analysis
The stained gels were scanned with an Image Scanner III (GE Healthcare). Image Master 2D Platinum 7.0 (GE Healthcare) software was used for matching and analysis of protein spots. The spot detection was performed based upon the following parameters: (1) minimal area > 20 pixels, (2) smooth factor > 2.0, and (3) saliency > 200. Spot matching was performed after landmark annotations that were defined on both the gels to be aligned and the reference gel. Spot normalization and quantification was done by analyzing percentage volume (% Vol). Protein spots that were differentially expressed in exposure groups and controls (ratio ≥ 1.5, p < 0.05) were selected for identification.
In-gel tryptic protein digestion
Differentially expressed protein spots in BT-exposed and nonexposed livers were manually excised from 2-DE gels. The gel pieces were destained for 20 min in 30 mM potassium ferricyanide/100 mM sodium thiosulfate (1:1 v/v) and washed in Milli-Q water until the gels were completely destained. The spots were kept in 0.2 M ammonium bicarbonate (NH 4 HCO 3 ) for 20 min and then lyophilized. Each spot was digested overnight in 2 L 12.5 ng/L trypsin in 0.1 M NH 4 HCO 3 . The peptides were extracted three times with 50% acetonitrile (ACN) and 0.1% trifluoroacetic acid (TFA) and then lyophilized.
Protein identification
Subsequently, the peptide mixtures were re-dissolved in 0.8 L of matrix solution (␣-cyano-4-hydroxycinnamic acid (Sigma, USA) in 0.1% TFA, 50% ACN) and then spotted on the 4800 Plus MALDI-TOF/TOF TM Analyzer (Applied Bio-systems, USA). The Nd:YAG laser was operated at a wavelength of 355 nm with an accelerating voltage of 2 kV. All acquired sample spectra were processed using 4700 Explore TM software (Applied Bio-systems) in default mode. Parent mass peaks with a mass range of 800-4000 Da and a minimum signal-to-noise ratio of 50 were picked out for tandem MS/MS analysis. For each sample, 5-8 ion peaks were selected as precursors for secondary mass spectrum analysis, and the TOF/TOF signal for each precursor was accumulated with 2500 laser points. The mass signals generated from the MS mode and the MS/MS mode were combined for protein identification in an NCBI nonredundant (nr) database (zebrafish, 76,533 sequences, released Aug. 13, 2013; ray-finned fishes, 229,984 sequences, released Dec. 12, 2012) using the MASCOT v2.2 software. The following parameters were used for the database searches: monoisotopic mass tolerance was set at 100 ppm; one missed cleavage site was allowed for trypsin digestion; cysteine carbamidomethylation was assumed as a fixed modification, and methionine oxidation was assumed to be variable modification. Peptide and protein identifications were accepted if Confidence Interval% (C.I.%) values were greater than 95%. The identified proteins were then matched to specific processes or functions by searching UniProt (http://www.uniprot.org/) and KEGG (http:// www.genome.jp/kegg/) database.
Cluster analysis
A cluster analysis (JMP Genomics v 5.0, SAS) was conducted in order to determine how proteomic responses in the rare minnow brain responded overall to the different concentrations of BT. Prior to hierarchical clustering using the Fast Ward algorithm, each column of data (fold change of protein to one treatment) was scaled and centered to produce Z-scores. This approach subtracts the mean for each column and then divides by the column standard deviation in order to standardize all data prior to clustering. In addition, each row was centered to a mean of zero (0) and scaled to a variance of one (1) prior to clustering.
Pathway analysis
Protein networks were generated to gain additional insight into the effects of BT in the brain of rare minnow. Differentially expressed proteins were annotated manually with official gene symbols using gene card (Weizmann Institute of Science) (http:// www.genecards.org). Forty-one rare minnow proteins mapped to mammalian homologs (Table S1 ). Because the concentrations of BT resulted in unique protein responses, pathways were built that were specific to one concentration and this concentration is specified in the figure captions. These forty-one proteins showed greater than a 1.5-fold change in one or more of the BP treatments. Protein networks were constructed in Pathway Studio 9.0 (Ariadne, Rockville, MD, USA) and information to build pathways was retrieved from the ResNet 9 database. Interaction networks based upon expression, binding, and regulatory interactions were drawn using the shortest distance. Two approaches were used to generate pathways. The first approach was to map only small molecules onto the protein interaction map. Only those interactions with >500 connectivity for small molecules are shown in the figure. These are the most well supported relationships based upon the literature. However, it is important to note that the pathways are built with additional information not shown in the figures (i.e. those connections showing <500 connectivity). The second approach was to map cell processes onto the protein networks without small molecules. All cell processes that had greater than >300 connectivity are shown in the figure.
Relative quantification by real-time PCR
For qPCR, each tissue sample from control and treatments was randomly separated into two parts, thus 6 biological replicates were assessed for each concentration. Total RNA was isolated from tissue samples using Trizol reagent (Life Technology), and the purity was evaluated by OD 260 /OD 280 using a Multiskan TM GO microplate spectrophotometer (Thermo Scientific, USA). The RNA samples were dissolved in ribonuclease-free water and stored at −80 • C. The cDNA was synthesized with 2 g total RNA from each sample according to the manufacturer's instructions (Promega) and stored at −80 • C. Then real-time PCR was performed in a 7500 RealTime PCR system (Applied Biosystems, USA) in a total volume of 20 L, consisting of the GoTaq ® qPCR Master Mix (Promega, USA), 200 nM forward primer and 200 nM reverse primer. The cycling conditions used were as follows: an initial denaturation step of 95 • C for 10 min; 40 cycles of 95 • C for 30 s, 57 • C for 40 s, and 72 • C for 30 s; and the last cycle of 95 • C for 30 s, 57 • C for 30 s, and 72 • C for 60 s to generate the dissociation curve. An exclusive peak was observed for each amplification, which indicated that there was no amplification of untargeted genes. The control, which contained all of the reaction components except for the template, was included in all experiments. All the samples were analyzed in triplicate and the mean value of these triplicate measurements were used for calculations of mRNA levels. Results were analyzed according to the 2 − Ct method. The mRNA expression was normalized for ˇ-actin mRNA expression. Expression of the housekeeping ˇ-actin gene was unaffected under experimental conditions (data not shown) and thus was used as an internal control. Supplemental Table S2 lists the primer pairs used for real-time PCR.
Statistical analysis
A one-way ANOVA were used for statistical analysis of proteomic data. Protein spots that were differentially expressed in exposure groups (ratio ≥ 1.5, p < 0.05) were selected for identification. For qPCR, statistical analysis of variance was performed in SPSS (version 18.0; USA), and a Levene's test of homogeneity of variance and LSD t-test were used. All quantitative data are expressed as means ± S.E. A probability of p < 0.05 was considered statistically significant.
Results
Proteome profiles of female rare minnow brain
Proteome profiles of BT-exposed and nonexposed female rare minnow brains were analyzed by 2-DE (Fig. 1) . On average, about 1000 protein spots were detected in each gel by silver staining and image analysis. Among these proteins, 41 proteins were found to be significantly altered in abundance (≥1.5-fold) in one or more Fig. 1 . Representative 2-DE gels of proteins from female rare minnow brain for control and BT treatments. Proteins were separated on 18 cm pH 4-7 IPG strips before being loaded on SDS-PAGE (10% acrylamide) gels and visualized by silver staining. The molecular weights (MW) and pI scales are indicated. Each gel is representative of three independent biological replicates. Numbers are allocated by the Image Master 2D Platinum 7.0 software and represent the spots with a significant variation in intensity (ratio ≥ 1.5, p < 0.05).
BT-treated groups compared to that of controls and were successfully identified (Table S1 ). According to the ratio value, there were 26, 15, and 8 significantly up-regulated spots at the 0.05, 0.5, and 5 mg/L treatments, respectively (Table S1 ). There were 1, 11, and 12 down-regulated proteins identified in 0.05, 0.5, and 5 mg/L groups, respectively (including undetected proteins; Table S1 ). When comparing the three concentrations, it was observed that the protein responses for the lowest concentration were most different than that of the higher two concentrations of BT (Fig. S1 ). This was further evident when arranging the proteins from decreasing relative abundance to increasing relative abundance for the low concentration (0.05 mg/L). When keeping the same protein order for the middle and higher concentrations to that in the low, it was apparent that the pattern of response was more similar for those individuals treated with 0.5 and 5 mg/L BT compared to 0.05 mg/L BT. (Fig. 2) . For example, GNB1L was increaed in 0.05 mg/L group by 3.09-fold while decreased by 1.29-and 2.47-fold in 0.5 mg/L and 5 mg/L groups, respectively (Table S1, Fig. 2 ).
Differentially expressed proteins and pathway analysis
Differentially expressed proteins were involved in metabolism, signal transduction, stress response, cytoskeleton, transport as well as other functions (Table S1 ). Of the 41 differentially expressed proteins, 13 and 15 proteins were associated with metabolism and signal transduction, respectively (Table S1) .
Among proteins related to metabolism, 7 up-regulated proteins were involved in energy metabolism (Table S1 ); isocitrate dehydrogenase 3 (NAD+) alpha (IDH3A) were detected in two spots, 160 and 168 (Table S1 ). Interestingly, proteins related to cell respiration such as NADH dehydrogenase (ubiquinone) flavoprotein 2 (NDUFV2), NADH dehydrogenase (ubiquinone) Fe-S protein 2 (NADH-coenzyme Q reductase, NDUFS2), IDH3A, and NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 10 (NDUFA10) were all affected by BT in one or more of the concentrations examined ( Fig. 3 and Fig. S2 for 0.05 and 5.0 mg/L respectively). Two proteins related to protein metabolism (proteasome alpha 6a subunit and proteasome alpha 2 subunit) were significantly induced in the minnows in the 0.05 mg/L BT-treated groups (Table S1 ). For other Fig. 2 . Relative fold changes for protein in the brain or rare minnow exposed to BT. The top graph represents proteins in the low concentration group, which are organized from decreasing to increasing order. The protein order is kept the same for the 0.5 and 5.0 mg/L treatments. metabolic processes, the identified proteins were all increased in the 0.05 mg/L groups, and among them, glutamine synthetase 1 was increased across all groups after BT exposure (Table S1) .
Small molecules related to proteins that were differentially affected by BT included a number of signaling molecules such as calcineurin, RAS and cyclin, as well as molecules related to calcium signaling (calpain) and transcription factors that interact with nuclear DNA (e.g. FOX, Forkhead box and NF-B, nuclear factor kappa-light-chain-enhancer of activated B cells) (3 and S2). Signal-related proteins that were down-regulated by BT included two G-proteins (GNAI2, GNAO1), MAPK1, and PREDICTED: ubiquitin domain-containing protein 1-like (Table S1 ). Proteins induced by BT included HPCA, ANXA5, VDAC1, FLOT1, ARHGDIA and others (Table S1 ). Pathway analysis indicated that these proteins are involved in G-protein cascades, calcium ion signaling, cell cycle and apoptosis (Fig. S3) . All abbreviations for the protein networks are found in the Figure caption. 
Validation by qPCR
To validate the alteration of proteins identified after BT exposure, 9 proteins were selected for qPCR analysis (Fig. 4) . The mRNA level that were assessed included hpca, vdac1, idh3a, creatine kinase, brain b (ckbb), mitogen-activated protein kinase 1 (erk2), glutamine synthetase 1 (gs), and flotillin 1a (flot1a), and these in general showed a correlated trend with that of the protein abundance (Fig. 4) . Interestingly, the pattern of ARHGDIA protein across exposure concentrations was completely opposite with that of the mRNA (Fig. 4) . This result suggests that complex regulatory mechanisms might exist during the protein synthesis. In 2-DE gels of BT-exposed individuals, 14-3-3 protein epsilon (YWHAE) was only detected in the 0.05 mg/L group while no matched spots were detected in other exposure groups (Fig. 4) . The absence of YWHAE in 0.5 and 5 mg/L groups indicated that this protein might be extremely significantly decreased in response to higher concentrations of BT (Table S1 and Fig. 4) . Consistent with the 2-DE data, the mRNA levels of ywhae presented a decreasing trend with increasing exposure (Fig. 4) . However, the marked up-regulation of ywhae was observed at 0.05 mg/L.
Discussion
To characterize the neuroproteome and better understand the mechanism of neurotoxicity of BT, 2-DE coupled MALDI-TOF/TOF-MS was employed to assess the protein response in the brain of female rare minnow. A total of 41 differentially expressed proteins were identified. These proteins were mainly involved in metabolism, signal transduction, stress response, cytoskeleton, transport and other functions. Among these biological processes, proteins involved in metabolic processes (31.7%) and signal transduction (36.6%) were among the top two functional categories. Similarly, Martyniuk et al. (2012) found that the most represented biological processes in the brain proteome of largemouth bass, goldfish and fathead minnow included those with a role in transport and metabolic processes. In addition, proteins such as HPCA, YWHAE, GS, CKBB, and VDAC were identified in this study, and the expression trends were generally consistent with that of their corresponding genes. These proteins have been identified in zebrafish brain proteomes, and these proteins were related to neurodegeneration (Gebriel et al., 2014) . These results suggest that the neuroproteomic response (i.e. proteins involved in cell signaling and apoptosis) of female rare minnow to BT may be related to neurotoxicity.
Interestingly, the protein response of female rare minnow brain was dose-specific. Cluster analysis suggested that the protein responses for the lowest concentration (0.05 mg/L) were most different than that of the higher two concentrations (0.5 and 5.0 mg/L) of BT. In a previous study, steroid plasma level and transcript profile of HPG-related genes in rare minnows were observed as sexand dose-specific during exposure to BT (Liang et al., 2014) . This concentration-response effects were also observed in zebrafish Fig. 3 . Protein network for differentially expressed proteins with small molecules mapped onto the network for 0.05 mg/L benzotriazole. Red indicates an increase in relative protein levels while green indicates a decrease in relative protein levels. Note that the respiratory chain and tricarboxylic acid cycle are significantly increased, based upon the increase in protein abundance for these processes. Abbreviations are as follows; ACTG1, actin, gamma 1; ADAMTSL2, ADAMTS-like 2; ADCY, adenylate cyclase; ANXA5, annexin A5; ARHGDIA, Rho GDP dissociation inhibitor (GDI) alpha; ATP5A1, ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1, cardiac muscle; calcineurin, protein phosphatase 3 (calcineurin); CCT8, chaperonin containing TCP1, subunit 8 (theta); CEP170, centrosomal protein 170 kDa; CKB, creatine kinase, brain; CKM, creatine kinase, muscle; DBI, diazepam binding inhibitor (GABA receptor modulator, acyl-Coenzyme A binding protein); DLAT, dihydrolipoamide S-acetyltransferase; ESD, esterase D; FLOT1, flotillin 1; FNBP1, formin binding protein 1; GF, growth factor; GLUL, glutamate-ammonia ligase; GNAI2, guanine nucleotide binding protein (G protein), alpha inhibiting activity polypeptide 2; GNAO1, guanine nucleotide binding protein (G protein), alpha activating activity polypeptide O; GNB1L, guanine nucleotide binding protein (G protein), beta polypeptide 1-like; HPCA, hippocalcin; HSPA4, heat shock 70 kDa protein 4; IDH3A, isocitrate dehydrogenase 3 (NAD+) alpha; KRT19, keratin 19; KRT5, keratin 5; LCP1, lymphocyte cytosolic protein 1 (L-plastin); MAPK3, mitogen-activated protein kinase 3; NDUFA10, NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 10, 42 kDa; NDUFS2, NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49 kDa (NADH-coenzyme Q reductase); NDUFV2, NADH dehydrogenase (ubiquinone) flavoprotein 2, 24 kDa; PDCD6IP, programmed cell death 6 interacting protein; PP2A, protein phosphatase 2; PRDX5, peroxiredoxin 5; PSMA2, proteasome (prosome, macropain) subunit, alpha type, 2; PSMA6, proteasome (prosome, macropain) subunit, alpha type, 6; PSMD7, proteasome (prosome, macropain) 26S subunit, non-ATPase, 7; Ras, RAS oncogene homolog; SEPT, septin 9; TPT1, tumor protein, translationally-controlled 1; TUBB4, tubulin, beta 4; UBAC1, UBA domain containing 1; VDAC1, voltage-dependent anion channel 1; YWHAE, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, epsilon polypeptide. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) embryo proteome response to six different phenanthrene concentrations ranging from 0.049 to 0.345 mg/L (Gündel et al., 2012) . The detection of different expression profiles (up-and down regulation) of molecular signals over a concentration range have been explained by processes of adaptation followed by adverse effects taking place at different exposure conditions. Depending on exposure concentration, the organism tries to compensate for the loss/impairment of certain pathways caused by the stressor by activation and deactivation of biochemical processes (adaptation processes) (Ankley et al., 2009; Ankley and Villeneuve, 2015) .
In exposure of BT, oxidative stress response and energy metabolism were induced. In the present study, NDUFV2 and NDUFA10 were both significantly increased at the lowest concentration of BT while these proteins were not changed in abundance at higher concentrations. In a previous study, negative regulation of NDUFA10 and NDUFV2 were respectively detected in zebrafish and male rats brain exposed to Microcystin-LR (Wang et al., 2010) and hypobaric hypoxia (Sharma et al., 2013) ; the results indicated that energy production from the respiratory chain was inhibited for protecting the brain from oxidative stress. These results imply that exposure to low-dose BT may result in an oxidative stress response. However, the compensation mechanism in the brain of fish may be activated by high-dose BT. The significant induction of peroxiredoxin 6, an antioxidant protein, in the lowest concentration of BT provides additional evidence of an oxidative stress response. Simultaneously, NDUFS2, IDH3A, and CKBB, the enzymes also involved in energy metabolism and cellular respiration, were significantly upregulated by BT. Previous studies in the brain of fish have also identified energy pathways as targets of neurotoxic chemicals such as MeHg (Berg et al., 2010) and methyl parathion (Huang and Huang, 2011) . In addition, an up-regulation of CKBB was observed at 0.05 and 0.5 mg/L BT. CKBB is important in maintaining cellular energy homeostasis as well as hippocampal mossy fibre connections (Jost et al., 2002) . The up-regulation of creatine kinases had been hypothesized to be correlated with the increased requirements energy pathway in exposure of chemicals (Gillardin et al., 2009; Li et al., 2011) . In a previous study, CKBB and respiratory chain complexes activities were both observed to be altered by monoamine-based antidepressants in rat brain (Réus et al., 2012) . Moreover, overexpression of CKBB has been demonstrated to be associated with AD (Donovan et al., 2012) . Our proteomic data and the results of previous studies suggest that BT may disturb energy homeostasis in the CNS of fish, potentially leading to neurodegeneration; however this hypothesis must be tested in additional experiments.
Overall, the main targets of BT causing neurotoxicity appeared to be G-proteins signal transduction and Ca 2+ -dependent signal The bar charts below show the protein levels based upon 2-DE and mRNA levels using real-time PCR. The values represent the average fold changes. Significant changes of mRNA levels as compared to the controls (p < 0.05) are indicated by asterisks (*), and pound sign (#) refers to an average increase or decrease higher than 1.5-fold in protein levels compared to the controls. pathways in the rare minnow brain. Heterotrimeric G-proteins consisting of a GDP-bound G␣ subunit associated with the G␤␥ heterodimer act as molecular switches for many signaling cascades. Upon binding of an activating ligand to the G-protein-coupled receptors (GPCRs), conformation changes and subsequent binding of GTP results in the activation of G␣ and G␤␥, which are able to interact with a variety of enzymes and ion channels. (Kimple et al., 2011) . GPCRs mediate most of vertebrate physiological responses to hormones and neurotransmitters (Rosenbaum et al., 2009) . They are also the targets for a large number of pollutants and toxicants that could disrupt neuroendocrine system in fish such as MeHg, carbamazepine (Hampel et al., 2014) . In our study, a decrease of GNAO and GNAI2 was observed in response to BT. In addition, GNB1L was up-regulated at lowest concentration of BT but down-regulated at higher concentrations. There is evidence that GNAI2 and GNB1L can be potentially target in neural networks in vertebrates. GNAI2 is reported to be significantly induced in synaptosome proteome of Sprague-Dawley rats treated by antipsychotic medications, clozapine and quetiapine (Ji et al., 2009) , and it has been demonstrated that GNB1L is associated with schizophrenia (Clark et al., 2006; English et al., 2011) . The significant alteration of these G-proteins indicated that BT may lead to neurotoxicity by affecting G-protein signal transduction pathway.
Downstream Ca 2+ -dependent signal pathway may be triggered by G-protein signaling disrupted by BT. GNAO, associated with the presynaptic voltage-resistant inhibition of Ca 2+ channels, plays a pivotal role in triggering neurotransmitter release from presynaptic nerve terminals (Kinoshita et al., 2001 ). Molecular targets of Ca 2+ -dependent signal pathway were altered by BT and included HPCA, voltage-dependent anion channel (VDAC), and glutamate. In the present study, HPCA was observed to be increased at higher concentrations of BT but was not affected at the lowest concentration tested. HPCA is a member of the neuronal Ca 2+ sensor protein family and is a key mediator of many cellular functions including MAPK cascades activation, apoptosis inhibition, synaptic plasticity and learning (Ames and Lim, 2012; Dovgan et al., 2010) . In the present study, signaling proteins related to MAPK cascades and apoptosis including flotillin1a, MAPK1, and 14-3-3 epsilon protein were also affected by BT, indicating the CNS impairment might be caused by BT. In addition, HPCA plays an important role in calcium extrusion from neurons protecting them against calciumdependent excitotoxic damage in the hippocampus (Masuo et al., 2007) . However, HPCA accumulation was also reported to be associated with the pathogenesis of Parkinson's disease (PD) (Nagao and Hayashi, 2009) . Therefore, exposure to higher concentrations of BT may also cause neurotoxicity, although the mechanism by which this occurs may be different from that in low concentration exposures based on our proteomic data.
Voltage-dependent anion channel (VDAC) is the main protein in mitochondria-mediated apoptosis, and the modulation of VDAC can be induced by the excessive release of extracellular glutamate (Park et al., 2010; Zaid et al., 2005) . Glutamate is the principal excitatory neurotransmitter in the brain and the excessive release of extracellular glutamate is a key factor that promotes neuronal cell death (Park et al., 2010) . In brain, excess ammonia and glutamate is converted into glutamine via the enzyme glutamine synthetase (GS) for protecting neurons against excitotoxicity (Suárez et al., 2002) . Here, we observed increases in VDAC1 and GS protein abundance after BT exposure. Noteworthy was that the fold change response of VDAC1 and GS were non-different compared to controls at higher concentrations. As a result, we speculated that a protective mechanism may be activated in the rare minnow brain in response to BT at low concentrations (increased GS protein). This may be a response to increased apoptosis as indicated by the increased VDAC levels. Moreover, the VDAC1 protein has been demonstrated to be associated with the release of apoptotic proteins with relevance to AD neuropathology (Cuadrado-Tejedor et al., 2011) . In this study, several apoptotic proteins that include translationally controlled tumor protein, programmed cell death 6 interacting protein and annexin 5 (ANXA5) were also detected, further evidence that there BT may induce apoptosis in the CNS. In the current study, up-regulation of these proteins suggest that BT may induce apoptosis in fish brain in a Ca 2+ -dependent manner.
The transcript levels of 9 genes were quantified in this study and the expression trends of most genes were generally consistent with that of their corresponding proteins. However, the alteration pattern of RhoGDI␣ protein was completely opposite with that of the mRNA. This is consistent with other studies in aquatic toxicology, and the transcript level does not consistently follow the abundance changes of proteins (de Sousa Abreu et al., 2009; Liang and Zha, 2016; Martyniuk et al., 2010) . For example, in a study on the proteomic response of fathead minnow to EE2 in the neuroendocrine brain, mRNA levels of microtubule associated protein tau (mapt) were decreased while the protein abundance was increased (Martyniuk et al., 2010) . These data highlight the different regulatory mechanisms involved at the level of the transcriptome and proteome and may reflect temporal patterns (i.e. time lag) of expression.
In conclusion, proteomic data presented in this study provided novel insight into the mechanisms of neurotoxicity of BT in female rare minnow brain and contributes to an improved understanding of the BT-mediated molecular cascades underlying potential neurotoxicity in fish (i.e. biomarkers of neurotoxicity). The primary pathways affected by BT involved cellular respiration, G-protein signal cascades, Ca 2+ -dependent signaling, cell cycle and apoptosis. Interestingly, the neurotoxicity of BT was different with relation to dose and this difference in response may be due to the unique changes under low and high concentrations. Furthermore, proteins affected by BT such as CKBB, GS, HPCA, VDAC1, and FLOT1A are known to also be associated with neurological disorders and have the potential to be used as biomarker candidates of BT exposure, although further experimental validation is required. It should be noted, however, concentrations used in this study are higher than those occurring in the environment. Forthcoming studies should show whether the observed neurotoxicity translate into physiological effects.
